In the present work, flexural strength of plain and fibre-reinforced boroaluminosilicate geopolymers is studied. Traditional aluminosilicate geopolymers are produced by alkali activation of an aluminosilicate source. Alkali activator is normally made by mixing a high alkali solution (such as sodium hydroxide) and a silica-rich source (such as sodium silicate). Alkali activation of fly ash in this study, to fabricate boroaluminosilicate binders, was performed by mixtures of anhydrous borax and sodium hydroxide. Flexural strength of the specimens in unreinforced and reinforced conditions was measured by threepoint bending. Reinforced specimens were prepared by using 2, 3 and 5 wt.% of steel fibres, with length and diameter of 30 and 0.5 mm respectively. The highest flexural strength of unreinforced specimens was 9.5 ± 0.4 MPa, with borax to NaOH solution weight ratio of 0.912 and alkali activator to fly ash weight ratio of 0.9. Reinforcing of this mixture by 5 wt.% 2 of steel fibres resulted in the highest flexural strength, 11.8 ± 0.9 MPa. Maximum and minimum average increase of flexural strength of about 47 and 5 % were achieved by adding 5 and 2 wt.% of steel fibres to some mixtures respectively. Results indicated the ability of these new classes of construction materials for using in flexural load-bearing sections in both unreinforced and reinforced situations.
Introduction
Alkali activated binders (geopolymers) are increasingly developed nowadays and have attracted a great deal of attentions because of their ecofriendly nature [1, 2] . These cement-free constructional materials are normally made by alkali activation of an aluminosilicate source such as fly ash [3] . Normal alkali activators are combinations of a high alkali solution such as sodium hydroxide (NaOH) or potassium hydroxide (KOH), and a silica-rich source with high content of amorphous silica such as sodium silicate or potassium silicate solutions. Alkali activation of fly ash results in production of geopolymeric compounds, which is normally conducted at slightly above ambient temperatures (e.g. 60 o C) [4] . General formula of an aluminosilicate binder is nM2O.Al2O3.xSiO2.yH2O, where M is an alkali element such as potassium or sodium [5] . However, some attempts have been made to produce geopolymers by utilizing other sources, and evidence of production of geopolymers with reasonable performance can be found in Refs. [6] [7] [8] . The current research is inspired from Williams and van Riessen work [8] , where borosilicate geopolymers were made by alkali activation of silica fume. Alkali activation of their silica source material was performed by a mixture of NaOH and anhydrous borax (Na2B4O7), and compressive strength of about 57
MPa was reported to be achievable. In the present study, same alkali activator has been used for activation of fly ash and hence, it is anticipated that boroaluminosilicate geopolymers form. Formation of B-O bonds has been shown in the authors' previous work [9] . In that work, possibility of achieving boroaluminosilicate geopolymers with higher strength than aluminosilicate one from a specific fly ash source was achieved. It was suggested that main aluminosilicate geopolymeric compounds change slightly to boroaluminosilicate compounds as a result of formation of B-O bonds. Additionally, microstructure of the considered specimens showed different nature with respect to aluminosilicate geopolymers. Therefore, boroaluminosilicate geopolymers seems to have potential for considering as a new class of construction materials for further studies. In this work, flexural strength of boroaluminosilicate geopolymer pastes in unreinforced and steel fibre-reinforced forms is studied. The effect of mixture proportions on flexural strength of specimens is the key feature of the present work. Additionally, fracture surface of unreinforced specimens and adhesion of steel fibres to geopolymeric paste is studied through scanning electron microscopy (SEM).
Experimental procedure
Materials used in this study for production of unreinforced and steel fibre-reinforced boroaluminosilicate geopolymer pastes were class F fly ash, sodium hydroxide solution (NaOH), anhydrous borax (Na2B4O7) and steel fibres. Class F fly ash was used as aluminosilicate source. NaOH and anhydrous borax were mixed by different weight ratios and used as alkali activator. Steel fibres with the length of 30 mm and diameter of 0.5 mm were used as reinforcements in steel fibre-reinforced boroaluminosilicate specimens.
Class F fly ash with average particle size of 9 µm, Blaine surface of 37.3 m 2 /g and chemical composition (acquired by XRF) in accordance to [8] work. After mixing NaOH solution and anhydrous borax, the mixtures were left in room temperature for 2 hour to cool down and then, were used for alkali activation of fly ash.
In total, two kinds of specimens namely G series (unreinforced) and RG series (reinforced) specimens were prepared. G series specimens comprising of nine different mixtures were prepared by only fly ash and alkali activator. Table 2 illustrates mixture proportions of these series of specimens. RG series specimens were those reinforced by steel fibres. In other words, G series specimens reinforced by 2, 3 and 5 wt.% of steel fibres produced 27 series of RG mixtures. The percentage of steel fibres in the mixture was in the form of "steel weight/total specimen weight". Mixture proportions of RG series specimens are given in Table 3 .
Mixtures of fly ash and alkali activator were the only materials used for preparation of G series specimens. On the other hand, to produce RG series specimens, fly ash was first drymixed by steel fibres for 5 min and then, dry mixture was alkali activated. Specimens were prepared by pouring the mixtures into moulds in two layers and vibrating for 45 sec after pouring of each layer. The filled moulds were placed in plastic bag for 24 h to minimise carbonation and pre-curing. After that, demoulded specimens were cured at 70 o C for additional 24 h. The specimens then were left uncovered at ambient temperature for 27 days.
Flexural strength of specimens was achieved at 28 days of the beginning of oven-curing.
Flexural strength of specimens was acquired in accordance to the ASTM C293-10 standard [28] by using samples with 20 cm length, 4 cm width and 4 cm thickness. Three specimen of each mixture was made and tested, and the average value was reported as the flexural strength of that mixture. SEM images of fracture surface of specimens were achieved by a VEGA TESCAN by a voltage of 15 KV and secondary electron mode. While in low ratios of borax to NaOH solution aluminosilicate compounds are most likely to form, in higher ratios boroaluminosilicate ones are expected to appear. Both of these phenomena results in strength evolution especially when the amount of alkali activator increases. For borax to NaOH solution weight ratio of 0.700, complex mechanisms occur causing irregular pattern of strength evolution that the other ratio. Further works are suggested to be conducted on the effect of various factors on this ratio. adding different amount of steel fibres. As Fig. 5a illustrates, borax to NaOH weight ratio has an irregular effect on this factor. On the other hand, for specimens with low alkali activator to fly ash weight ratio (the first nine specimens in the left side of Fig. 5b ), average percentage of increase in flexural strength of specimens due to adding steel fibres is higher than the other ratios. However, to have a more comprehensive understanding, contour plots of the effect of mixture proportions are provided as following. Finally, Fig. 7 shows an SEM image of a steel fibre in boroaluminosilicate paste. As obvious, there is a reasonable bond between this fibre and the paste. Therefore, higher strengths are achieved by reinforcing geopolymers with steel fibres. Fig. 7b illustrates that the paste around the steel fibre is uniform and hence, steel fibres may not have harmful effects such as inducing stress concentration to the paste during shrinkage and hardening processes.
Results and discussion

Unreinforced geopolymer pastes
Reinforced geopolymer pastes
Since a good bond was observed between steel fibres and all geopolymeric pastes, it is anticipated that higher amount of steel fibres cause higher strengths as indicated earlier.
Conclusions
From this study, following conclusion remarks were arisen:
-Produce boroaluminosilicate binders with high flexural strength in both unreinforced and reinforced conditions is achievable. Maximum flexural strength of 9.5 ± 0.4 and 11.8 ± 0.9 MPa was achieved for unreinforced and reinforced specimens.
-While increase in flexural strength of unreinforced specimens mainly depends on characteristics of the produced pastes, for reinforced specimens, it depends mainly on percentage of steel fibres.
-SEM images of unreinforced specimens showed that different mechanisms of crack propagation are supposed to occur. High strength boroaluminosilicate geopolymers had fine needle-like crystals while low strength ones showed large crystals through a brittle fracture.
-In reinforced specimens, there is a good adhesion between steel fibres and geopolymeric paste, which make it possible to successfully use boroaluminosilicate pastes as a flexural-load barrier in constructions. 
